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Abstract 

A nonlinear realization of SU(2) chiral symmetry spontaneous breaking approach 
is developed in the composite operator formalism. A Lagrangian including quark, 
gluon and Goldstone boson degrees of freedom of the chiral quark model is obtained 
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from the QCD Lagrangian. A way to link the chiral symmetry spontaneous breaking 
formalism at hadron level and that at quark level is predicted, too. The application 
to nuclear matter shows that the approach is quite successful in describing the 
properties of nuclear matter and the quark condensate in it. 
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It has been known that chiral symmetry and its spontaneous breaking is the key points 
in understanding many features of the nature, such as the generation of some particles 
in strong interaction physics^], the chiral property of many amino acids||, and so on. 
Moreover, it has been widely used in guiding the design and synthesis of chemical com¬ 
pounds to control and improve their functions In low energy strong interaction physics, 
Goldstone bosons appear as the chiral symmetry is spontaneously broken. To carry out 
the constraint by the appearance of Goldstone bosons, several realization formalisms of 
the chiral symmetry spontaneous breaking (ySB) have been developed a s i- Fur¬ 
thermore, Considering the effective degrees of freedom to describing hadron structure, we 
know that several formalisms have been developed. For example, the one with constituent 
quarks and Goldstone bosons has been shown to be successful in describing some proper¬ 
ties of hadrons p. |7|. |8|] and hadron spectroscopy[|], even nucleon-nucleon interactionsfTCf|. 
The one including constituent quarks and gluons are very powerful to describe hadron 
properties |d], |T^, [H|, too. Moreover, Manohar and Georgi proposed that, besides the con¬ 
stituent quarks, both the Goldstone bosons and gluons are necessary to describe hadron 
structure^]. Such a scheme has also been widely used to investigate hadron spectroscopy 
and hadron interactions(see, for example, Refs.|L5], [16| ). However, which effective degrees 
of freedom have more sophisticated QCD foundation is still a significant topic in hadron 
physics and low energy QCD. In the sprit of ySB and the composite operator scheme [ p^ j 
of the QCD, we propose, in this letter, a new approach to realize the ySB nonlinearly 
not only in formalism but also in practical calculation and obtain an effective Lagrangian 
including constituent quarks, Goldstone bosons and gluons. Then some light is shed on 
the effective degrees of freedom of hadron structure. We propose also a link between the 
formalism of ySB at hadron level and that at quark level. As an application, we take the 
approach to describe the properties of nuclear matter. By implementing the Hellmann- 


Feynman theorem ||18||, we evaluate the quark condensate in nuclear matter in the present 
formalism, too. 
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At first, we discuss the linear infinitesimal transformation in general 


<t>' n {x) = <Pn + n<t>m 0 ) 


( 1 ) 


where t a is a generator of the symmetry group of the Lagrangian and (f) n is a spin-zero 
boson field or spin-zero composite operators. The quantum effective action is defined by 


mi = 


d 3 xY.r-U„M + w[j t ] 


( 2 ) 


This quantum effective action has the same symmetric property as the Lagrangian. It 
gives that 

_ r AFU1 

(3) 


Z f 5 -^- t nm4>mi.x)d A X = 0 


n,m 


d(pn 


Introducing an effective potential V((f>) as T[0] = — vV[(p], where v is the space-time 
volume, one can rewrite Eq.(3) as 




n,m &(j) n 


nm'rm 


= 0 , 


(4) 


where (f) is independent of x. Taking the differentiation with respect to 4>i, we obtain 

= 0 (5) 


yy dV((j)) y- d 2 V( y 4>) a 

o , l nl + 2^ « ■ " 1 


nm'rm 


<9</>n " d^nd^l 

The symmetry spontaneous breaking appears when 9 Yi® = 0 and 6 m Z 0 where (b m = 

0(pm 

(O|0 m |O). In accordance with the condition of the symmetry spontaneous breaking, Eq.(5) 
can be written as 

_ f f) 2 V(A\\ 

= 0 ■ ( 6 ) 


if®! * 


nmT"rn 


n,m \ J 

It is apparent that, if the symmetry is broken, should not identically equate 

to zero. The massless eigenvectors of the mass matrix span then a linear space in 

which the Goldstone bosons he and the remainder has to be perpendicular to it. This 
constraint can lead various forms of the realization of the ySB SUl( 2) x SUr( 2) D SU( 2). 
In this paper we shall discuss the nonlinear realization of SUl( 2) x SUr( 2) D SU(2) on 
the quark level at first. Then we propose a link between the ySB at quark level and that 
at hadron level. 
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Constructing four composite operators in terms of the current quark fields u and d as 


Vd = qq, A = iqisT l q (7) 

where r* is the Pauli matrice, we can verify that the transformation of n=l,2,3,4) 
under the chiral symmetry transformation of the quarks e l75£iT * can be written as 

5ip4 = 2 eVi, Sipi = -2eV4 (8) 


where e* are the infinitesimal parameters. 

Analyses in QCD sum rules [[TT]|] and calculations in lattice QCD | |?U| | have shown that the 
vacuum expectation value of quarks (quark condensate) is not zero, i.e., (0 \q(x)q(x) \ 0) ^ 
0. It indicates that the chiral symmetry SUl(2) x SUr( 2) is spontaneously broken and 
chiral condensate appears. As a consequence, the ip n has to be separated into two parts: 
one contains Goldstone bosons and the other does not. This can be done by writing 


= E(e 2,£ ' T “)„,A, (9) 

m 

where T a/3 are the generators of the four dimensional rotation group. To make the ip n 
do not contain Goldstone bosons, the ip n can be taken as ip n = (^ 4 ,0,0,0). In the 
infinitesimal form, we have then 

5A = 2^>4 ( 10 ) 


Comparing Eq.(10) with Eq.(8), we obtain the relation between the constituent quarks 
and the current quarks as 


q = e-^^q 


( 11 ) 


In order to simplify the factor e * 75 ^ vl we introduce the Glodstone bosons as 

0 


f = (tan- 1 C ) 


( 12 ) 


Using Eq.(12), we can obtain the nonlinear realization of the ySB as 

g -i7 5 (tan -1 |c|)r. C 7lCl _ 1 ~ ^75^' C 

A+c 2 


( 13 ) 
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Since the theory leaves the SU(2) invariant, the q constructs a representation of SU(2). 
Then it is necessary to have 


g—*75E"'7 ? g—*75 (tan 1 ICD^'C/ICI — g - *75(tan 1 IC'D^CVIC'lg-*'?'® 


(14) 


After some algebraic calculation we obtain the relation between the Goldstone bosons and 
the constituent quarks as 


Sq = -if - (e x C) , 

6 = ex(, 

SC = C(l — C^) + 2(f(e • C) i 


(15a) 

(156) 

(15c) 


Under these transformations, the QCD Lagrangian can be effectively expressed in 
terms of the constituent quark, gluon and Goldstone bosons as 


C-eff = E % Ci- 


dfi + 


*(Cx^C)-T ilsT-d^C 


1 + C 2 


1 + C 2 


q + iqY ~ig 


X c 


Ay q 


-mqq 


-G ( ;iG a ^ p + C M 


(16) 


where m is the constituent quark mass resulting from quark condensates. Cm is the 
Lagrangian of the Goldstone boson fields C and the -i/q. In this sense, the effective degrees 
of freedom to describe hadron structure should involve constituent quarks, gluons and 
Goldstone bosons. One can then recognize that the constituent quark model of hadron 
structure involving constituent quarks, Goldstone bosons and gluons(T^j has a quite solid 
QCD foundation. Furthermore, the double counting and the spurious state involved in 
Manohar-Georgi’s formalism [L4[] disappears in the present approach. 

4 From the effective action T in Eq.(2) we have 


Cm = 


2 A 


^^ 4^-04 - -^ 0404 + £( 0 4 ) 


(17) 


where D ^ A is a dimensional constant. Considering the pseudoscalar field 

property of Q and the assumption of the saturation of vacuum, we obtain that the Cm 
can be written as the superposition of the following two parts 


C a = — o u <JO^<7 - mn -cr- a , 

2 M 2 3 4 


( 18 ) 
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(19) 


/• _ 

- 4 "-"7T ~ 


1 d^if 


21 + S 


1 4- — 

1 I f 2 
J 7r 


2/ttO- 


<9 m 7T • <9^7? 


2 a 1 


<9 M 7T • <9 M 7T 


( 1 + S) ( 1 + f) 


And the parameters r / 2 and (73 hold relation r / 2 = — ,r / 3 with m f/ being the current 

quark mass. 

It has been well known that there exists ySB formalism at hadron level. However the 
relation between the formalism and that at quark level is not clear enough. To link the 
ySB formalism at hadron level with the ySB formalism at quark level described above, 
we construct a set of composite operators which have the quantum numbers of proton 
and neutron as 


p(x) = e abc ( u aT (x ) , d aT (x)) cYu b (a) 757 / 1 iT 2 


1 u c (x ) 
^ d c {x) 



n(x) = e abc (u aT (x) , d aT (x )) cYd b (x)^^iT 2 


* u c (x) 
^ d c (x) 



(20a) 

(206) 


where a, b, c are the color indices, r 2 acts only on the isospin indices and the row and 
column matrix express the doublet of the isospin. Since the nucleon in this doublet 
are composed of current quarks, we can refer them as current nucleon. Implementing 
the chiral transformation of quarks q = exp(—i 7 5 £*r*)g, we have the transition among 
nucleons as 


where N 


* p{pc) ^ 

,N = 

' p( x ) \ 

v n(x) j 


V n(x) J 


N = e- i 75 ?V 7V, 

in which 


( 21 ) 


p{x) = £abc (u aT (x), d aT (xj^ C 7 /i U 6 (x) 757 M iT 2 


f u c {x ) 
^ d c {x ) 



n(x) 


£abc (u aT (x), d aT (x )) cYd b (x)~i^ b iT 2 


1 u c (x ) 
^ d c (x) 



(22 a) 


(22 b) 


The Eq. (21) shows that we can obtain the nucleon from the current nucleon. The nucleon 
observed in experiments in the low energy region can be formed only through Eq. (22). 
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Taking the same measure as described for the quarks and considering the Goldberg- 
Treiman relation and the partial conservation of the axial current(PCAC), we obtain the 
Lagrangian density with the nonlinear realization of the SU(2) ySB at hadron level as 


Cch = 0 


. , , r • (if x fin) 2iM N g A ^f • if 2g A ^ 5 f ■ ifif • fin 

— m n - — -+ 


V 




fH 1 + f) A(! +1) /?(! + f) 

SM v + SM r /l 


f 8ig'M N ~/ 5 T- n 8g ,r y 5 r ■ tt7t ■ fin 

+-;-rvv- I 0 


+ ' n( i + g) 

vr 3 


1+72 



(®4 - «„) ( y - + 


1 -4- — 
1 w z -2 


r • if 00 — <? CT 00cr 


d^acTo -U(c r) - (1 + 2/,ff + 2+ +1 

V2 + 1 + &) 


- 1 - 2 ^2 
2 ’“'* ' 


(23) 


where Mjv is the mass of the nucleon caused by the y+B, §M P and 5M n are the masses of 
the current proton and neutron, respectively. The U(a) stands for 


u M = (m>' J + igjf 3 + -jg3<X 


(24) 


where the g 2 and g 3 have relation g 2 = — ^Mm/Ag^ with SMn = SM n = SM V . 

To represent the repulsive interaction among nucleons and the isospin symmetry break¬ 
ing in nuclear matter, we can include u and p mesons in the way having been widely 


used[21]. Then in the mean held approximation, we have the Lagrangian 


C-rmf — 0 ( 27 fj,d^ — M n ) 0 — 6M n 



~gMcr 0 - g u ij )7 0 w o - g p ^7 f 3 p O3 0 


1 


2 2 


#23 ^34 


-O', 


CT n 


1 22,1 22,1 22 

2 m 7r 7r 0 + 2 ^^ + 2 m p^03> 


(25) 


where the <r 0 is the expectation value of the isoscalar scalar held, 7 Tq is that of if 2 , ujq 
is that of the temporal component for the isoscalar vector held since there is no spatial 
direction for a uniform nuclear matter at rest, p 03 is that of p meson in the nuclear matter. 

By fitting the saturation properties of nuclear matter, we obtain the parameters with 
the restriction Mn + SMn = 938 MeV. Two sets of the parameters are listed in Table 



















1. For the parameter set Ci, we get the saturation density of 0.152fm -3 , binding en¬ 
ergy of 15.297 MeV, a compression modulus of 349.10 MeV, symmetry energy coefficient 
33.645 MeV and the effective mass of a nucleon of 0.687M/V for symmetric nuclear matter. 
The parameter set C 2 gives a saturation density 0.151fm~ 3 , a binding energy of nucleon 
15.040MeV, a compression modulus K = 298.88 MeV, a symmetry energy coefficient 
32.593 MeV and an effective mass of nucleon 0.736for symmetric nuclear matter. 
Meanwhile the curves for the equation of states (EOS) are obtained too. The numerical 
results show that the EOSs for the two sets of parameters are quite close to each other, 
we display then only the equation of states for the parameter set C 2 in Fig. 1. The figure 
shows evidently that the symmetric nuclear matter can exist stably. However stable pure 
neutron matter does not exist. 

Making use of the Hellmann-Feynman theorem ||18|| , one can obtain the relation be¬ 
tween the quark condensate in nuclear matter Q(p) = (0 \q(x)q(x)\ 0) p ^ 0 and that in 
vacuum Q(0) = (0 \q(x)q(x)\ 0) p=0 as 


Q{p) 

Q{ 0) 


= 1 + 


= 1 


2Q(0) 

2a N 


de dM N de dM a de dM n 


y 

K N=n,p dM N dm q 


dM„ dm n dMn dm n 




(26) 


(m n fn) 2 fl 2 mj 

where Gn is the nucleon a term, p s = is ll ie scalar density of the nucleons. 

With the parameter sets C 2 determined above and < 7 at = 45 MeV, we evaluate the 
ratio of the in-medium quark condensate to that in vacuum. The obtained results are 
represented in Fig. 2. From the figure one can easily know that the quark condensate in 
nuclear matter decreases, in general, as the nuclear matter density increases. It manifests 
that the “upturn” problem in the other approaches at hadron level |[22| . f23[ , |24|| is removed 
in the present %SB approach. Investigating the figure more carefully, one may know that 
there exists a density p = 0.235 fm -3 at which the decreasing rate is enhanced. Such 
a behavior is consistent with the result given in Ref.|25|]. Relevant investigation shows 
that pion condensate in strong interaction appears as the nuclear matter density reaches 
0.235 fm -3 and beyond. It indicates that the sudden increase of the decreasing rate or 
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the discontinuous decrease of the quark condensate in nuclear matter may come from the 
appearance of pion condensate. 

In summary, a nonlinear realization of SU(2) ySB approach is developed in the com¬ 
posite operator formalism of QCD. A Lagrangian including quark, gluon and Goldstone 
bosons of chiral quark model is obtained from the QCD Lagrangian. It indicates that, 
besides the constituent quarks, both the gluons and Goldstone bosons are the effective de¬ 
grees of freedom to describe hadrons. We constructed also a way link the ySB at hadron 
level and that at quark level. As an application, the properties of symmetric nuclear 
matter and pure neutron matter are investigated in the mean-held approximation. The 
calculation shows that the present approach is quite powerful in describing the properties 
of nuclear matter. Meanwhile the quark condensate is evaluated. It shows that the quark 
condensate decreases with the increasing of nuclear matter density. The chiral symmetry 
is then restored gradually in nuclear matter as the density increases. 

This work is supported by the National Natural Science Foundation of China under 
contact No. 10047001, 10075002, 10135030, and 19975062, the Major State Basic Research 
Development Program under contract No.G2000077400 and CAS Knowledge Innovation 
Project No. KJCX2-N11. One of the author(Liu) thanks also supports by Foundation for 
University Key Teacher by the Ministry of Education, China. The authors are indebted 
to Professors F. Wang, C. S. Chang, W. Q. Chao, P. F. Zhuang and H. S. Zong for their 
helpful discussions. 


10 



References 


[1] S. Weinberg, The quantum Theory of Field, (Cambridge University Press,1996). 

[2] see for example, A. Salam, J. Mol. Evol. 33, 105 (1991); ibid, Phys. Lett. B 288, 
153 (1992); ibid, in: Ponnamperuma and J. Chela-Flores(eds), Chemical Evolution: 
Origin of Life (A Deekpak Publishing, 1993); J. Chela-Flores, Chirality 3, 389 (1991). 

[3] see for example, R. Noyori, and T. Ohkuma, Angew. Chem. Int. Edit. 40, 40 (2001); 
H. C. Kolb, M. G. Finn, and K. B. Sharpless, Angew. Chem. Int. Edit. 40, 2004 
( 2001 ). 

[4] R. J. Furnstahl, and B. D. Serot, Phys. Rev. C 47, 2337 (1993); ibid, Phys. Lett. 
B 316, 12 (1993); R. J. Furnstahl, H. B. Tang, and B. D. Serot, Phys. Rev. C 52, 
1368 (1995); R. J. Furnstahl, B. D. Serot, and H. B. Tang, Nucl. Phys. A 615, 441 
(1997). 

[5] P. Papazoglou, D. Zschiesche, S. Schramm, J. Schaffer-Bielich, H. Stocker, and W. 
Greiner, Phys. Rev. C 59, 411 (1999). 

[6] R. T. Cahill and C. D. Roberts, Phys. Rev. D 32. 2419 (1985); P. C. Tandy, Prog. 
Part. Nucl. Phys. 39, 177 (1997). 

[7] Xiao-fu Lii, Yuxin Liu and En-guang Zhao, Sci. Chin, (in English) A 40, 860 (1997); 
Xiao-fu Lii, Yuxin Liu, Hong-shi Zong, and En-guang Zhao, Phys. Rev. C 58, 1195 
(1997). 

[8] V. E. Lyubovitskij, Th. Gutsche et al, Phys. Rev. D 63, 054026 (2001); Phys. Lett. 
B 520, 204 (2001); Phys. Rev. C 64, 065203 (2001); Phys. Rev. C 65, 025202 (2002). 

[9] L. Ya Glozman, and D. O. Riska, Phys. Rep. 268, 263 (1996); D. O. Riska, and G. 
A. Brown, Nucl. Phys. A 653, 251 (1999). 

[10] D. Bartz, and F. Stancu, Nucl. Phys. A 688, 915 (2001). 


11 



[11] A. De Rujula, H. Georgi, and S. L. Glashow, Phys. Rev. D 12, 147 (1975); N. Isgur, 
and G. Karl, Phys. Rev. D 18, 4187 (1978); ibid, D 19, 2653 (1979); ibid, D 20, 
1191 (1979); S. Rapstick, and N. Isgur, Phys. Rev. D 34, 2809 (1986). 

[12] M. Oka, and K. Yazaki, Prog. Theor. Phys. 66, 556 (1981); ibid, 66, 572 (1981); A. 
Faessler, F. Fernandez, G. Liibeck, and K. Shimizu, Phys. Lett. B 112, 201 (1982); 
ibid, Nucl. Phys. A 402, 555 (1983). 

[13] C. D. Roberts, and S. M. Schmidt, Prog. Part. Nucl. Phys. 45, 1 (2000). 

[14] A. Manohar, and H. Georgi, Nucl. Phys. B 234, 189 (1984). 

[15] S. Takeuchi, K. Shimizu, and K. Yazaki, Nucl. Phys. A 504, 777 (1989); K. Briier, A. 
Faessler, F. Fernandez, and K. Shimizu, Nucl. Phys. A 507, 573 (1990); A. Valearer, 
A. Buchmann, F. Fernander, and A. Faessler, Phys. Rev. C 50, 2246 (1994); ibid, 
C 51, 1480 (1995); Y. Fujiwara, C. Nakamoto, and Y. Suzuki, Phys. Rev. Lett. 76, 
2242 (1996). 

[16] Y. W. Yu, Z. Y. Zhang, P. N. Shen, and L. R. Dai, Phys. Rev. C52, 3393 (1995); Z. 
Y. Zhang, Y. W. Yu, P. N. Shen, L. R. Dai, Nucl. Phys. A 625, 59 (1997). 

[17] G. M. Shore and G. Veneziano, Nucl. Phys. B 381, 23 (1992). 

[18] T. D. Cohen, R. J. Furnstahl and D. K. Griegcl, Phys. Rev. C 45, 1881 (1992). 

[19] L. J. Rcinders, H. Rubinstein, and S. Yazaki, Phys. Rep. 127, 1 (1985). 

[20] J. W. Negcle, Nucl. Phys. B-Proc. Sup. 73, 92 (1999). 

[21] B. D. Serot, and J. D. Walacka, Int. J. Mod. Phys. E 6, 515 (1997). 

[22] G. Q. Li and C. M. Ko, Phys. Lett. B 338, 118 (1994). 

[23] M. Malheiro, M. Dey, A. Delhno and J. Dey, Phys. Rev. C 55, 521 (1997). 


12 



[24] T. Mitsumori, N. Noda, H. Kouno, A. Hasegawa and M. Nakano, Phys. Rev. C 55, 
1577 (1997). 

[25] A. Barducci, R. Casalbuoni, S. De Curtis, R. Gatto, and G. Pettini, Phys. Rev. D 
41, 1610 (1990). 


13 



Table 1. The parameters in the calculation of the SU(2) chiral symmetry spontaneous 
breaking model with m, = 139.5 7MeV and f n = 130 MeV ( rrii(i = a,u,p), M N and 8M N 
in Mev, g 2 in fm _1 ). 



9 AN) 

m a 

gAN) 


9„(N) 

m p 

92 

93 

M n 

SM n 

C 1 ! 

9.111 

540 

10.587 

783 

8.480 

770 

-4.0 

20.0 

888 

50 

c 2 

9.111 

570 

9.573 

783 

8.480 

770 

-9.0 

37.5 

888 

50 
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Figure Captions 


Fig. 1. Obtained average energy per nucleon e/p N — M N as a function of nucleon density 
Pn for the parameter sets C* 2 . The solid line denotes symmetric nuclear matter , 
and the dashed line is for pure neutron matter. 

Fig. 2. Obtained ratio of the quark condensate in nuclear matter to that in vacuum as 
a function of nucleon density for the parameter sets C* 2 . The solid line denotes that 
in symmetric nuclear matter, and the dashed line is that for pure neutron matter. 
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